INTRODUCTION {#s1}
============

Global food demand is increasing, and the premier challenge of our time is and will be to sustainably feed a growing human population ([@B1]). By 2050, global crop production may need to double ([@B1]). It is well-known that current conventional agriculture causes major threats to the environment, including a decline in biodiversity and related ecosystem services, water pollution, and soil degradation (e.g., reference [@B2]), which jeopardize global food production. Ecologically intensive and sustainable agriculture is needed. In efforts to reach this goal, one neglected compartment is the soil biota ([@B3]), which plays a key role in the soil fertility ecosystem service ([@B4]).

Ecological diagnoses of the consequences of agricultural practices are fundamental for deciphering which practices could be best for maintaining the soil fertility ecosystem service. Within this framework, an increasing number of published studies have focused on the consequences of different farming practices (i.e., conventional versus organic farming) on "soil quality" (i.e., soil physical properties, chemical properties, and biological properties) (for a review, see reference [@B5]). However, little is known about the effects of the practices on the ecoevolutionary ecology of soil organisms. Only a limited number of existing long-term field experiments allow assessment of the effect of particular farming constraints.

Among these farming constraints, it has been shown that fertilization regimes can result in distinct soil physical properties (e.g., aggregate composition and bulk density) and chemical properties (e.g., nutrient contents, pH, and electrical conductivity). The resulting changes in microhabitat are likely responsible for changes in soil microbial traits ([@B6]), including biomass, activity, and community structure and functioning ([@B7], [@B8]). However, the ecological processes driving the microbial community assembly in soils exposed to contrasting fertilization regimes remain rather unclear and overlooked.

Stochastic and deterministic processes are thought to simultaneously explain microbial community assembly ([@B9]). Disentangling these two key ecological processes enables measurement of the importance of environmental filtering (i.e., deterministic processes) relative to probabilistic dispersal, birth-death events, and ecological drift (i.e., stochastic processes) ([@B10]). In addition, generalist and specialist species statuses (i.e., niche breadth) are also known drivers of community composition in macroorganisms' ecology, because within the framework of deterministic processes, the specialist-generalist paradigm predicts specialists to be more abundant due to a local advantage over generalists ([@B11]). Microorganism species that thrive in a wide variety of environmental conditions (i.e., generalists) have different assembly processes and different impacts on the dynamics of microbial community structure compared to species with narrower environmental distributions (i.e., specialists) ([@B12], [@B13]). We thus hypothesized that (i) fertilization regimes would result in changes in microbial community composition and (ii) these modifications would be more under the control of deterministic processes in the chemical-only fertilization regime because of strong selection pressure related to carbon depletion in these soils. We also tested the hypothesis (iii) of the existence of a higher proportion of specialist microorganisms in the chemical-only fertilization treatment and reciprocally more generalists in the organic treatment because of the availability of more-diverse C sources in the organic fertilization regime. Thus, (iv) compared to generalists, specialists would be more controlled by deterministic processes of assembly due to their higher dependence on particular environmental constraints.

To test these hypotheses, fields with long-term fertilization (i.e., more than 30 years), spanning approximately 28°N to 46°N across the major grain-producing areas in China, were selected to draw broad conclusions related to the consequences of the fertilization regime on bacterial communities. We used the null-model-based framework ([@B14]) to address the relative importance of stochastic and deterministic processes in the assemblies of bacterial specialists and generalists.

RESULTS {#s2}
=======

Comparison of soil properties and bacterial communities under different fertilization regimes. {#s2.1}
----------------------------------------------------------------------------------------------

Compared with chemical-only fertilization (CF) treatment, the organic fertilization treatments, including organic-only fertilization (OF) treatment and the combination of chemical and organic fertilization (COF), led to higher soil pH, soil organic carbon (SOC), total nitrogen (TN), and total phosphorus (TP) (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material).
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In total, 2,501,984 high-quality sequences were obtained and clustered into 35,499 operational taxonomic units (OTUs) at a 97% sequence similarity level. After rarefying to 35,299 sequences per sample, 1,694,352 sequences belonging to 34,356 OTUs were retained. The sample-size-based rarefaction curve indicated that the subsample data set was reliable for further analysis (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material).
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In agreement with our working hypothesis, the bacterial communities in the chemical-only fertilization treatment had the lowest α-diversity, including the Shannon index and richness, compared with both organic-only treatment and the control ([Table S1](#tabS1){ref-type="supplementary-material"}). Both field sites and fertilization regimes significantly contributed to the bacterial community differentiation ([Fig. S2a](#figS2){ref-type="supplementary-material"}). At the phylum level, *Proteobacteria* and *Acidobacteria* dominated whatever the treatments, accounting for 29 to 40% and 18 to 27% of the total sequences, respectively. Compared with other treatments, the control treatment had a more than 8% decrease in *Proteobacteria*. The organic-amended treatments (i.e., OF and COF) had a significantly higher relative abundance of *Bacteroidetes*, while the non-organic-amended treatments (i.e., control and CF) had a higher relative abundance of *Actinobacteria* and *Chloroflexi* ([Table S2](#tabS2){ref-type="supplementary-material"}).
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Identification of the generalists and specialists. {#s2.2}
--------------------------------------------------

The generalist and specialist bacteria were identified from the OTU-environment association pattern. Based on comparisons of the observed distribution with the random distribution (see Materials and Methods for details), there were significant differences in the enrichment of OTUs belonging to one environment (i.e., specialists) or belonging to more than six environments (i.e., generalists) ([Fig. 1a](#fig1){ref-type="fig"}). A total of 1,050 OTUs (∼11%) accounting for ∼70% sequences (i.e., 1,008,616 sequences) were classified as generalists, while 4,157 OTUs (∼44%) from 44,369 sequences (∼3%) were classified as specialists; the remaining OTUs were considered common taxa. The richness of specialists was fourfold greater than that of generalists, but the relative abundance of the specialists was about 1/20 that of the generalists ([Table 1](#tab1){ref-type="table"}). The distinction between the specialists and generalists was further validated by calculating the niche breadth of each OTU ([Fig. 1b](#fig1){ref-type="fig"}), which is a widely accepted way to divide specialists and generalists. As expected, generalists (orange dots in [Fig. 1b](#fig1){ref-type="fig"}) had a wider niche breadth than specialists (green dots in [Fig. 1b](#fig1){ref-type="fig"}). In soils of the chemical-only treatment, 1,018 OTUs (∼21%) from 226,416 sequences (∼62%) were classified as generalists, while 1,111 OTUs (∼23%) from 14,217 sequences (∼4%) were classified as specialists. Compared with chemical-only treatment, soils with organic amendment harbored more generalists (23 to 24% OTUs with 76 to 77% sequences) and fewer specialists (2% OTUs with 18 to 20% sequences) ([Table 1](#tab1){ref-type="table"}).

![Classification of generalists and specialists. (a) Expected/observed OTU-environment distribution. The expected distribution was derived from 10,000 permutations. OTUs observed in one environment and six environments were defined as specialists and generalists, respectively. (b) Niche breadth of the specialists and generalists. Relative abundance is shown on a logarithmic (lg) scale on the *x* axis.](mSystems.00337-20-f0001){#fig1}

###### 

The number of OTUs and sequences of generalists, specialists, and common taxa in soils with long-term different fertilization regimes

  Category      Parameter              No. of OTUs or sequences (%) in:                                                         
  ------------- ---------------------- ---------------------------------- ----------------- ----------------- ----------------- -----------------
  Generalist    No. of OTUs (%)        1,050 (11.16)                      1,026 (20.04)     1,018 (21.41)     1,038 (22.83)     1,045 (24.31)
                No. of sequences (%)   1,008,616 (70.40)                  238,164 (66.58)   226,416 (62.42)   275,763 (77.28)   268,273 (75.50)
                                                                                                                                
  Specialist    No. of OTUs (%)        4,157 (44.19)                      1,345 (26.28)     1,111 (23.36)     909 (19.99)       792 (18.43)
                No. of sequences (%)   44,369 (3.10)                      14,803 (4.14)     14,217 (3.92)     7,349 (2.06)      8,000 (2.25)
                                                                                                                                
  Common taxa   No. of OTUs (%)        4,200 (44.65)                      2,748 (53.68)     2,626 (55.23)     2,600 (57.18)     2,461 (57.26)
                No. of sequences (%)   379,597 (26.50)                    104,761 (29.28)   122,076 (33.66)   73,709 (20.66)    79,051 (22.25)

![](mSystems.00337-20-t0001)

Meta community referred to the entire community containing all the soil samples.

Field sites and fertilization regimes significantly impacted the community compositions of specialists and generalists ([Fig. S2b](#figS2){ref-type="supplementary-material"}). The subcommunities of generalists were clustered, but the subcommunities of specialists were dispersed ([Fig. S2b](#figS2){ref-type="supplementary-material"}). At the phylum level, generalists had a significantly higher abundance of *Proteobacteria*, *Acidobacteria,* and *Actinobacteria*. Specialists had a significantly higher abundance of *Planctomycetes*, *Bacteroidetes*, *Gemmatimonadetes*, *Chloroflexi*, "*Candidatus* Saccharibacteria," and *Chlamydiae* ([Table S3](#tabS3){ref-type="supplementary-material"}).
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The relative abundance of specialists/generalists was driven by the fertilization regime and related soil pH changes. The near-neutral soil pH leaded to higher abundance of generalists but lower abundance of specialists ([Fig. 2](#fig2){ref-type="fig"}). In addition to soil pH, the generalists increased with the increase in available phosphorus (AP), while the relative abundance of specialists decreased with increasing SOC, TN, NO~3~^−^, and C/N ([Fig. S3](#figS3){ref-type="supplementary-material"}). Overall, suitable environment (e.g., near-neutral soil pH and more available resources) increased the abundance of generalists but decreased the abundance of specialists.

![Linear regression analysis between the relative abundance of generalist/specialist and soil pH (*P* \< 0.05 after correction). The sites and fertilization regimes are indicated by color and shape of the symbols, respectively.](mSystems.00337-20-f0002){#fig2}
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Bacterial assembly processes in different fertilization treatments. {#s2.3}
-------------------------------------------------------------------

The null model was employed to explore the bacterial assembly processes in the entire bacterial communities, the generalist and specialist groups based on the phylogenetic signal analyses. Mantel correlograms were first used to test whether there was an association between phylogenetic relatedness and ecological similarity. They showed significant positive correlations (*P* \< 0.05) across short phylogenetic distances in all groups ([Fig. S4a](#figS4){ref-type="supplementary-material"}). The fertilization regime altered the assembly processes of the bacterial community ([Fig. 3](#fig3){ref-type="fig"} and [Fig. S4](#figS4){ref-type="supplementary-material"}). In agreement with our working hypothesis, the bacterial assembly in chemical-only soils was dominated by deterministic processes (∼76%), while in organic-amended soils (i.e., OF and COF), the assembly of the bacterial community was dominated by stochastic processes (∼71%) ([Fig. 3](#fig3){ref-type="fig"}). In addition, the assembly of the generalists was dominated by stochastic processes in all treatments ([Fig. S4](#figS4){ref-type="supplementary-material"}). In all treatments, the assembly of specialists was more influenced by deterministic processes than that of generalists ([Fig. 3](#fig3){ref-type="fig"} and [Fig. S4](#figS4){ref-type="supplementary-material"}). Stochastic processes explained ∼32% of the assembly of specialists in chemical-only soils but explained 59 to 73% of that in organic-amended soils. Overall, the organic amendment dramatically increased the proportion of stochastic processes or limited the action of selection processes in the assembly of the entire bacterial community and the specialist groups.

![Assembly of the entire bacterial communities, specialists and generalists based on the null model. The inner circle represents the contribution of stochastic and deterministic processes to bacterial assembly. The outer circle represents the percentage of detailed ecological processes belonging to the stochastic or deterministic processes.](mSystems.00337-20-f0003){#fig3}
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Changes in the microbial community induced by fertilization regimes can be summarized as [Fig. 4](#fig4){ref-type="fig"}. Compared with organic fertilization, long-term chemical-only fertilization leaded to limited nutrient resources and acidic environment ([Table S1](#tabS1){ref-type="supplementary-material"}), resulting in stronger environmental selection ([Fig. 3](#fig3){ref-type="fig"}). In this environment, specialists can be selected if they display improved competitive ability for resources and higher environmental adaptability ([Fig. 2](#fig2){ref-type="fig"} and [Fig. S3](#figS3){ref-type="supplementary-material"}). As a consequence, there is a community with higher abundance of specialists and lower diversity in chemical-only fertilized soils compared with organic fertilized soils ([Table 1](#tab1){ref-type="table"}). Long-term organic matter inputs to soils are associated with near-neutral soil pH, larger amounts of nutrient resources ([Table S1](#tabS1){ref-type="supplementary-material"}), which leaded to a weaker environmental filtering and a higher proportion of generalists ([Fig. 2](#fig2){ref-type="fig"} and [Fig. S3](#figS3){ref-type="supplementary-material"}), and finally resulted in a community with higher diversity ([Table 1](#tab1){ref-type="table"}).

![Impacts of long-term chemical- and organic-only fertilization on soil microbial communities. The regimes induced modifications to different soil parameters, including available nutrient resources and soil pH. As a consequence, the fertilization regimes induced different environmental stresses and assembly processes. Compared to organic-fertilized soil, the abundance of specialists was higher and the bacterial community assembly was more deterministic in the chemical-only fertilized soil.](mSystems.00337-20-f0004){#fig4}

DISCUSSION {#s3}
==========

Long-term fertilization regimes induced changes in soil microbiota. {#s3.1}
-------------------------------------------------------------------

Long-term chemical-only fertilization is known to modify soil nutrients and soil structure, which will subsequently induce selection pressure on the soil microorganism reservoir (for a review, see reference [@B15]). It has been shown, for instance, that long-term nitrogen fertilization decreases nitrification capacity and soil enzyme activities ([@B16]) and worse, suppresses N fixation ability of diazotrophs ([@B6]).

Herein, we found a clear decrease in bacterial community richness and diversity in long-term chemical-only fertilization treatment (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material), which is in agreement with other studies (e.g., references [@B17] and [@B18]). This soil microbiota reservoir degradation is likely a result of soil biogeochemical changes, including soil pH and organic carbon. Given the fact that microbial communities play central roles in supporting a variety of ecosystem services, including organic matter decomposition, nutrient cycling, and plant primary production, the observed decrease in the soil microbial reservoir is problematic. As recently emphasized, loss in soil microbial diversity negatively impacts the provision of services such as climate regulation, soil fertility, and food and fiber production ([@B19]). Even if agriculture practices have inherent negative effects on soil microbial diversity and functions, long-term chemical-only fertilization, as used in conventional agriculture in many countries around the world, is worse for the soil microbiota than organic fertilization regime.

Ecological inferences to better understand the decline of the soil microbiota in chemical-only fertilized soils. {#s3.2}
----------------------------------------------------------------------------------------------------------------

The ecological inferences on bacterial community assembly in relation to fertilization regimes remain overlooked and should be studied. Previous microbial ecological studies inferred bacterial community assembly using methods such as variation partitioning analysis (VPA) or a neutral model (for a review, see reference [@B9]), but neither VPA nor neutral-theory-based model consider phylogenetic information. We employed a null-model-based framework incorporating taxonomic and phylogenetic metrics to determine the relative contributions of deterministic and stochastic processes in a reliable and comprehensive way ([@B20]). As expected from our working hypotheses, very different ecological processes occurred in relation to soil fertilization regimes ([Fig. 3](#fig3){ref-type="fig"}). In contrast to soil microbial community assembly in the organic-amended treatments, deterministic processes were the primary driver of the microbial reservoir in the chemical-only fertilization treatment. This is in line with a previous study showing that deterministic processes corresponded to low soil nutrient condition, while stochastic processes increased with higher nutrient (e.g., soil organic matter \[SOM\]) ([@B21]). The long-term chemical-only fertilization treatment has induced conditions for microbial carbon starvation and related ecoevolutionary processes, i.e., niche/habitat filtration acting on the global and local soil microbial reservoir ([@B22]). Reciprocally, in organic-amended soils, carbon and likely other compounds are not limiting microbial resources. This can directly explain both the observed higher microbial species richness and diversity, and a noteworthy dominant stochastic process of community assembly. In addition, organic fertilization can introduce many exogenous bacteria into the soil in a stochastic way, and this may contribute to the high diversity, especially on a long-term scale. The importance of deterministic processes in community assembly can be linked to the level of environmental stress acting on the soil microbial reservoir, i.e., the strength of the environmental filtering. The striking differentiation of the contribution of deterministic and stochastic processes to soil bacterial community assembly among soil fertilization treatments is also manifested in the characterization of the microbial fraction (specialist versus generalist) of the soil community reservoir.

Generalists, specialists, and assembly processes of soil microbiota. {#s3.3}
--------------------------------------------------------------------

Within the soil microbial communities, generalists/specialists were determined by two different approaches ([Fig. 1](#fig1){ref-type="fig"}) to strengthen interpretations and conclusions. Generalists are characterized by their ability to colonize a wide range of habitats. They are thus expected to be less affected or to better buffer environmental filtering and selection processes. Furthermore, their high abundance observed herein ([Fig. 1b](#fig1){ref-type="fig"}) would allow better stochastic dispersion. The generalists were mainly represented by three abundant phyla (*Proteobacteria*, *Acidobacteria,* and *Actinobacteria*) ([Table S3](#tabS3){ref-type="supplementary-material"}). Both *Proteobacteria* and *Actinobacteria* are often reported to be dominant and widely distributed in soil ([@B23], [@B24]). *Acidobacteria* are often considered to be slow growing with low nutrient requirements and are thus more resistant to nutrient limitation and can develop a viable population in a variety of habitats ([@B25]). Conversely, specialists are expected to have stricter conditions allowing growth, including specific requirements and/or dependencies on species interaction(s). The assembly of specialists is thus expected to be much more susceptible to modification by environmental changes and environmental filtering. In agreement with this theoretical understanding, deterministic processes dominated the community composition of specialists ([Fig. 3](#fig3){ref-type="fig"}).

As a result of this long-term fertilization regime, soil parameters have gradually changed over time, for instance the carbon stock in soils. Changes in the microbial community are interpreted to be driven by these parameters (i.e., environmental selection), while microbial dispersal from the global microbial pool was not strong enough to homogenize the microbial communities across treatments. Specialist microorganisms could be selected for their strong competitive ability in specific niches. Furthermore, it can be suggested that the microbial communities in soil fertilized by chemicals have a more limited access to carbon resources. In this case, it is possible that microorganisms in these communities have developed weapons to fight the other microorganisms for nutrient resources, including antibiotic resistance ([@B26]) and production. To explore this kind of ecoevolutionary expectation, future research will have to focus on the microbial functions supported by these soil microbiota communities.

Conclusion. {#s3.4}
-----------

This study not only expands our fundamental understanding of fertilization regime-driven assembly processes of bacterial generalists and specialists on a large scale but also establishes new perspectives on the conservation, restoration, and management efforts targeting degraded cultivated land in terms of the soil microbiota reservoir. The diagnostic made herein has to be enriched with complementary knowledge related to competition and synergies within communities, and it is necessary to better understand the consequences of these long-term soil amendments on the evolution of the soil microorganism reservoir and related function modifications.

MATERIALS AND METHODS {#s4}
=====================

Field sites and sample collection. {#s4.1}
----------------------------------

Four long-term-fertilization field experiments conducted across the major grain-producing areas in China were chosen to test our working hypotheses, spanning approximately 28°N to 46°N (see [Fig. S5](#figS5){ref-type="supplementary-material"} in the supplemental material). The four long-term-fertilization field experiments were located in (i) Heilongjiang Province (HLJ) (126.6°E, 45.7°N), (ii) Shandong Province (SD) (120.7°E, 36.9°N), (iii) Anhui Province (AH) (116.7°E, 33.6°N), and (iv) Jiangxi Province (JX) (116.4°E, 28.3°N) and were established in 1980, 1978, 1981, and 1986, respectively. Each long-term field experiment contained four different fertilization treatments: control, a chemical-only fertilization treatment (CF), an organic-only fertilization treatment (OF), and a combination of chemical and organic fertilization treatment (COF). Each treatment had three independent plots (replicates), and all plots were arranged in a randomized block design. In total, 48 samples (4 long-term experimental sites × 4 treatments × 3 replicates) from the top 0 to 20 cm of bulk soil were collected. Detailed information for HLJ, SD, AH, and JX regarding the amount of fertilization and chemical characteristics of the initial field soil was provided in previous publications (see [Table S4](#tabS4){ref-type="supplementary-material"} in the supplemental material) ([@B27][@B28][@B30]).
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Measurement of soil properties. {#s4.2}
-------------------------------

The soil pH was measured with a soil-to-water ratio of 2.5 using a pH microprobe. Soil organic carbon (SOC) and total nitrogen (TN) were measured by a vario Macro cube element analyzer. Soil total phosphorus (TP) and available phosphorus (AP) were extracted with HF-HClO~4~ and sodium bicarbonate, respectively, and finally determined via molybdenum-blue colorimetry. Available potassium (AK) was extracted with ammonium acetate and measured by flame photometry. NH~4~^+^ and NO~3~^−^ were extracted with a CaCl~2~ solution and determined using a continuous-flow stream autoanalyzer.

DNA extraction, amplification, and sequencing. {#s4.3}
----------------------------------------------

The DNA was extracted with a DNeasy PowerSoil kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. The quantity of the extracted DNA was checked using a NanoDrop ND-1000 UV-visible (UV-Vis) spectrophotometer (NanoDrop Technologies, Wilmington, DE).

The primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used for PCR amplification of the V3-4 region of the 16S rRNA gene for bacteria. The bacterial communities were characterized by high-throughput sequencing on an Illumina MiSeq instrument (Illumina, San Diego, CA, USA) at Sangon Biotechnology Co., Ltd. (Shanghai, China). The obtained sequence data were analyzed by USEARCH according to the UPARSE pipeline ([@B31]). Briefly, the forward and reverse reads were merged, and low-quality sequences (quality score \< 20, length \< 200 bp, or total expected errors \> 0.5) were filtered. The remaining sequences were clustered into operational taxonomic units (OTUs) at a 97% identity threshold. The most abundant sequence of each OTU was considered the representative sequence and subsequently identified using the RDP Classifier. The singleton was removed to avoid possible biases accordingly ([@B32]).

Definition of specialists and generalists. {#s4.4}
------------------------------------------

The generalists and specialists were classified according to a recent study ([@B33]). Herein, each treatment was considered a unique environment, and we had a total of 16 environments (4 fertilization treatments × 4 experimental sites). The number of observed OTUs was calculated in each environment; then, 10,000 random permutations of the species-environment association map were performed (the number of OTUs in each environment was preserved) to obtain a random background distribution. The enrichment of the number of observed OTUs compared with the random distribution indicated that the OTUs were specialists/generalists.

Complementarily, the distinction between the generalists and specialists was validated using niche breadth with the formula below:$$\text{niche\ breadth} = \frac{1}{\sum_{i = 1}^{N}P_{\mathit{ij}}^{2}}$$where *P~ij~* is the relative abundance of OTU *j* in a given environment *i* ([@B34]). Generalists distributed across a wider range of environments have a higher niche breadth value than specialists.

Bacterial assembly processes based on the null model. {#s4.5}
-----------------------------------------------------

The phylogenetic signal was assessed to determine whether there was an association between phylogenetic relatedness and ecological similarity. This step is essential for inferring ecological processes via the phylogenetic turnover between communities ([@B10]). A Mantel correlation between the OTU niche distance and phylogenetic distance with 999 randomizations was used to test the significance of the phylogenetic signals across the phylogenetic distances.

To determine the relative importance of deterministic and stochastic processes in bacterial assembly, a null model approach was used to analyze the phylogenetic diversity according to recent studies ([@B35], [@B36]). This framework is based on the phylogenetic turnover, which is the evolutionary distance separating OTUs in one community from OTUs in another community. After the calculation of abundance-weighted β-mean nearest taxon distance (βMNTD) ([@B35]), a distribution of βMNTD values was obtained by running the null model 999 times (βMNTD~null~). Then, the difference between βMNTD and the βMNTD~null~ distribution was referred to as the weighted beta nearest taxon index (βNTI). According to Graham and Stegen ([@B36]), values of βNTI that are less than −2 or greater than +2 are deemed significant in the sense that the observed βMNTD deviated significantly from the βMNTD~null~ distribution ([@B36]). According to Zhou and Ning ([@B9]), \|βNTI\| \> 2 is a signature of nonrandom phylogenetic diversity (i.e., the control of deterministic processes). In this case, the sign of βNTI (i.e., βNTI \> +2 and βNTI \< −2) represents heterogeneous selection and homogeneous selection, respectively. When \|βNTI\| \< 2, the corresponding community diversity results from a stochastic assembly process. In this case, the Bray-Curtis-based Raup-Crick (RCbray) index has to be considered. RCbray \> 0.95 and RCbray \< −0.95 represent dispersal limitation and homogenizing dispersal, respectively. \|RCbray\| \< 0.95 represents the undominated scenario, which indicates that community turnover is dominated by multiple processes consisting of weak selection and dispersal, diversification, and/or drift (see reference [@B9] for details).

Other statistical analyses. {#s4.6}
---------------------------

The α-diversity (including the Shannon index and OTU richness) was calculated using mothur software. Variables were compared using a linear mixed model (*P* = 0.05). The rarefaction curves were conducted by the "iNEXT" package. Nonmetric multidimensional scaling (NMDS) based on Bray-Curtis distances and permutational multivariate analysis of variance (PERMANOVA) were conducted using the "vegan" and "ggplot2" packages in R (<http://www.rproject.org/>).

Data availability. {#s4.7}
------------------

The sequences obtained in this study are available from the NCBI Sequence Read Archive (<https://www.ncbi.nlm.nih.gov/Traces/sra/>) under accession number [SRP193922](https://www.ncbi.nlm.nih.gov/sra/SRP193922).
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